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A B S T R A C T   
Denosumab-related osteonecrosis of the jaw (DRONJ), which mainly occurs in cancer patients receiving anti- 
receptor activator NF-kappaB ligand (RANKL) antibody, reduces oral health-related quality of life. However, the 
exact mechanisms of and definitive treatment strategies for DRONJ remain unknown. We hypothesized that 
cessation of denosumab heals and/or ameliorates DRONJ, since it is a protein-based antibody agent, although 
stopping denosumab should be avoided in clinical situations. Therefore, the aims of this study were: 1) to create 
a healing and/or amelioration murine model of DRONJ-like lesions induced by chemotherapy/anti-RANKL 
antibody (mAb) combination therapy and tooth extraction; and 2) to investigate histopathology and im-
munopathology in the extraction sockets by comparing the murine model of DRONJ-like lesions with the 
amelioration/healing model of DRONJ-like lesions. Eight-week-old, female C57B/6J mice received che-
motherapeutic drug (cyclophosphamide: CY) and mAb combination therapy (CY/mAb) with tooth extraction. 
Open wounds were sustained in CY/mAb-treated mice at 2 and 4 weeks post-extraction. Impaired socket healing 
was diagnosed as CY/mAb-related ONJ-like lesions at 3 weeks post-extraction in this study. Next, mAb was 
discontinued for 2 and 4 weeks after diagnosis of CY/mAb-related ONJ-like lesions. mAb cessation for 2 weeks 
induced partial osseous wound healing and significantly improved soft tissue wound healing of the extraction 
sockets. Anti-angiogenesis and normal lymphangiogenesis with CY/mAb combination therapy was not changed 
by mAb discontinuation. However, mAb cessation for 2 weeks significantly increased the number of CD38+F4/ 
80+ M1 and CD163+F4/80+ M2 macrophages, which significantly increased the M2/M1 ratio in the connective 
tissue of extraction sockets. No direct effects of mAb on macrophages were noted both in vivo and in vitro. 
Therefore, the developed healing and/or amelioration murine model of CY/mAb-related ONJ-like lesions is a 
useful tool to investigate the histopathology and immunopathology of DRONJ in humans. Dynamic polarization 
shifting from M1 to M2 macrophages induced by mAb cessation may play an important role in wound healing, 
rather than angiogenesis and lymphangiogenesis, in DRONJ.   
1. Introduction 
The human monoclonal antibody for anti-receptor activator of nu-
clear factor kappaB ligand (RANKL), denosumab (Dmab), is one of the 
most commonly used agents to treat osteoporosis [1] and reduce ske-
letal-related events such as bone pain, pathological fractures, and spinal 
cord compression in cancers and cancer-related bone metastasis [2–5]. 
However, Dmab-related osteonecrosis of the jaw (DRONJ) in Dmab 
users was first reported in 2010 [6,7]. The frequency of DRONJ in low- 
dose Dmab users is relatively very low, but more frequent occurrence of 
DRONJ has been reported in high-dose Dmab users [8,9]. Tooth ex-
traction, poor oral hygiene, and ill-fitting dentures have been reported 
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to be a risk factors for DRONJ [9]. In particular, it has been reported 
that chemotherapeutic drug and Dmab combination therapy is one of 
the high-risk factors for developing DRONJ [8, 9]. 
There is limited scientific data on DRONJ in humans because of the 
relatively new approval of Dmab. Hence, the exact mechanisms of and 
definitive treatment strategies for DRONJ have not been identified. 
Another reason why information on DRONJ has been restricted is 
caused by difficulty in development of animal models for DRONJ-like 
lesions because Dmab does not have anti-resorptive effects on rodent 
bones. However, it has been reported that some useful rodent models 
for DRONJ-like lesions were developed using osteoprotegerin (OPG)-Fc, 
anti-RANKL neutralizing antibody, and RANK-Fc in mice [10–13]. 
Thus, clarification of the pathoetiology and establishment of a ther-
apeutic theory are needed to help patients suffering from DRONJ. The 
use of such animal models with DRONJ-like lesions is thought to be 
useful to achieve this goal. However, clinically, DRONJ frequently oc-
curs in patients receiving chemotherapy and high-dose Dmab combi-
nation therapy [3,4], but not in patients receiving Dmab monotherapy 
[8], which indicates that a new DRONJ animal model using che-
motherapy drugs and anti-RANKL antibody combination therapy is 
clinically required to uncover the mechanisms of and establish treat-
ment strategies for DRONJ, rather than DRONJ-like lesions created by 
antibody monotherapy. 
Dmab is a protein-based drug with only a 26-day half-life, unlike 
bisphosphonates that have more than a 10-year half-life [14]. Dmab 
inhibits osteoclast differentiation and survival by blocking the binding 
of RANKL to RANK, which is recoverable by cessation of Dmab therapy 
[14]. Hence, it has been hypothesized that Dmab discontinuation could 
become a therapeutic option for DRONJ. Indeed, one clinical and one 
animal study have reported that discontinuation of Dmab reduced 
DRONJ [10, 15], although in the animal study, OPG-Fc but not anti- 
RANKL antibody was used to create DRONJ-like lesions [10]. However, 
it has been shown that Dmab cessation increases the risk of serious 
problems in skeletal bone, such as vertebral fractures and multiple 
spontaneous vertebral fractures, following severe reduction of bone 
mass and bone mineral density (BMD) by higher activation of bone 
remodeling [16,17]. Thus, the European Calcified Tissue Society has 
concluded that Dmab should not be discontinued without considering 
alternative treatment [18]. 
Based on the above-mentioned scientific data, we hypothesized that 
amelioration and/or healing of oral wounds occurs when anti-RANKL 
antibody is discontinued in DRONJ-like lesions created by che-
motherapy and anti-RANKL antibody combination therapy with tooth 
extraction that clinically mimics high-prevalence DRONJ in humans. 
We also thought that an amelioration and/or healing model of DRONJ- 
like lesions could become a useful tool to evaluate and investigate the 
pathoetiology of DRONJ, although Dmab cessation should be clinically 
avoided except for specific reasons. Recently, as an evaluation tool for 
bisphosphonate-related osteonecrosis of the jaw (BRONJ), we created a 
high-prevalence BRONJ murine model using chemotherapeutic drug 
(cyclophosphamide) and bisphosphonate combination therapy in order 
to assess the histopathology and immunohistopathology in the impaired 
wounds [19]. Therefore, the aims of this study were: 1) to create an 
amelioration/healing murine model of DRONJ-like lesions induced by 
chemotherapy and anti-RANKL antibody combination therapy with 
tooth extraction; and 2) to investigate the histopathology and im-
munopathology in the tooth extraction sockets by comparing the 
murine model of DRONJ-like lesions with the amelioration/healing 
model of DRONJ-like lesions. 
Fig. 1. Experimental schedules. A) Time schedule for investigating effects of cyclophosphamide (CY) and rat anti-RANKL neutralizing antibody (mAb) combination 
therapy on tooth extraction socket healing. Euthanasia was performed at 5 and 7 weeks after drug administration. Rat IgG2a monoclonal antibody (IgG) was used as 
the control. B) Protocol for creation of healing and/or amelioration model of DRONJ-like lesions by mAb cessation. Discontinuation of mAb started just after the 
diagnosis of CY/mAb-related ONJ-like lesions at 3 weeks post-extraction. Euthanasia was performed at 8 and 10 weeks post-drug administration. IgG/Saline was used 
as the control. C) Protocol for mAb monotherapy for 8 weeks in combination with tooth extraction. As protocol for mAb cessation, tooth extraction and euthanasia 
were carried out at 3 and 8 weeks after mAb monotherapy, respectively. IgG was used as the control. 
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2. Materials and methods 
2.1. Animals, administration drugs, and creation of a healing/amelioration 
murine model of DRONJ-like lesions 
All animal experiments were performed according to the ARRIVE 
Guidelines (https://www.nc3rs.org.uk/arrive-guidelines). Ninety-four 
8-week-old, female C57B/6J mice were prepared in this study (CLEA 
Japan Inc., Osaka, Japan). A chemotherapeutic drug, cyclopho-
sphamide (CY; C3797; Sigma-Aldrich, St. Louis, MO, USA), and rat anti- 
mouse RANKL monoclonal antibody [20] (mAb; Oriental Yeast Co., 
Ltd., Tokyo, Japan) were used. CY (150 mg/kg) was injected in-
traperitoneally twice and once a week before and after tooth extraction, 
respectively [19]. mAb (5 mg/kg) was administered subcutaneously 
once every three weeks according to the previous studies [20,21]. Rat 
IgG2a monoclonal antibody (IgG; BE0089; Bio X Cell, West Lebanon, 
NH, USA) and sterilized saline were also used as the control. 
Mice were intraperitoneally anesthetized with the combination of 
100 mg/kg ketamine and 8 mg/kg xylazine. Both maxillary first molars 
were carefully extracted at 3 weeks post-drug administration. Twenty- 
four mice were euthanized at 2 and 4 weeks post-extraction to evaluate 
tooth extraction socket healing (n = 4 per group at each time point) 
(Fig. 1A). Of the 36 mice, 12 mice discontinued mAb administration 
and continued CY at 6 weeks after drug administration (designated CY/ 
mAb-D). In this study, sustained open wounds with bone exposure for 
3 weeks after tooth extraction were diagnosed as CY/mAb-related ONJ- 
like lesions. Another 12 mice continued both mAb and CY (designated 
CY/mAb-C). The remaining 12 mice with IgG and sterilized saline ad-
ministration stopped IgG and continued saline as the control. They were 
euthanized at 5 and 7 weeks post-extraction (n = 6 per group at each 
time point) (Fig. 1B). Moreover, to assess the effects of mAb mono-
therapy on tooth extraction sockets, mAb or contol IgG monotherapy 
was carried out for 8 weeks in 8 mice, and they were diagnosed and 
euthanized at 3 and 5 weeks after tooth extraction, respectively (n = 4 
per group) (Fig. 1C). Twenty mice were used for in vitro study. Six of 94 
mice were removed the from analyses due to root fractures during tooth 
extraction. 
2.2. Microcomputed tomography (microCT) 
To evaluate bone structure in long bones and tooth extraction 
sockets, 24 right maxillae at 2 and 4 weeks after tooth extraction 
(Fig. 1A, n = 4 each per group), 18 left tibiae and 18 right maxillae at 
2 weeks after mAb discontinuation (Fig. 1B, n = 6 each per group), and 
8 right maxillae at 8 weeks after mAb monotherapy (Fig. 1C, n = 4 each 
per group) were dissected. They were fixed with 10% neutral buffered 
formalin for 24 h, and then scanned with microCT (R_mCT2; Rigaku Co. 
Ltd., Tokyo, Japan) with 20-μm voxels and 90-kV tube voltage. A semi- 
manual contouring method with TRI/3D-Bon (Ratoc System En-
gineering, Tokyo, Japan) was used to segment and reconstruct tibiae 
and tooth extraction sockets [22]. Regions of interest (ROIs) of tibiae 
ranged from 200 to 2200 μm below the growth plates of the mesial 
tibial metaphysis. ROIs of tooth extraction sockets were determined as 
total spaces surrounded by lines 50-μm away from the outer socket 
walls of each root. Bone volume per tissue volume (BV/TV), trabecular 
number (Tb.N), trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp), and BMD were semi-automatically measured according to the 
guidelines for bone assessment with microCT [23]. 
2.3. Evaluation of gross wound healing of tooth extraction sockets 
Administration and discontinuation effects of drugs on gross wound 
healing of tooth extraction sockets were investigated. Maxillary oc-
clusal photographs were taken just after dissection. Extraction sockets 
were semi-manually traced on the digital images at high magnification 
to assess wound open area (mm2) and perimeter (mm), defined as the 
area inside of and the borderline length of the ruptured mucosa, re-
spectively. ImageJ was used for quantitative analysis [version 1.47; 
National Institutes of Health (NIH), Bethesda, MD, USA]. 
2.4. Histology and immunohistochemistry 
Sixty-eight left maxillae and 18 left femurs were fixed in 10% 
neutral formalin at 4 °C for 24 h, demineralized in ethylenediaminete-
traacetic acid (pH = 7.3, FUJIFILM Wako Pure Chemical Co., Osaka, 
Japan) at 4 °C for 21 days, paraffin-embedded, and sectioned at 5-μm- 
thicknesses. Hematoxylin and eosin (H&E) staining was performed for 
osseous and soft tissue evaluation using a standard staining protocol. H 
&E staining was also performed to assess femoral bone area fraction 
[BAF (%)]. Areas of interest (AOIs) of femora ranged from 200 to 
2200 μm below the growth plates of the distal femoral metaphyses. 
Tartrate-resistant acid phosphate (TRAP) staining and Masson's tri-
chrome staining were carried out using commercial kits following the 
manufacturer's instructions (386A and HT15, respectively; Sigma- 
Aldrich) for quantitatively measuring osteoclast numbers, and collagen 
production and infiltration of polymorphonuclear cells (PMNs), re-
spectively. Stained sections were photomicrographed using light mi-
croscopy (Axio Scope A1; Zeiss, Carl Zeiss, Gottingen, Germany), and 
histomorphometrically evaluated using Zen2 software (Zeiss) and 
ImageJ (NIH). 
Immunofluorescent staining was also performed to visualize blood 
vessels, lymphatic vessels, and M1 and M2 macrophages in extraction 
sockets. Sections were fixed, dehydrated, and pretreated for antigen 
retrieval. For investigations of blood and lymphatic vessels, pretreated 
sections were incubated with both rat anti-mouse CD31 monoclonal 
antibody to detect blood vessels (ab56299; Abcam, Cambridge, MA, 
USA; 1:100) and rabbit anti-LYVE1 polyclonal antibody to detect lym-
phatics (ab14917; Abcam; 1:100) overnight at 4 °C. An antibody 
cocktail of fluorescent-conjugated goat anti-rat Alexa Fluor 594 and 
goat anti-rabbit Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA; both 
1:200 dilution) was used as secondary antibodies. 
To investigate macrophages, CD38 and CD163 were chosen as 
specific markers for M1 and M2 macrophages, respectively [24,25]. 
Pretreated sections were incubated with goat F(ab) anti-mouse IgG H&L 
polyclonal antibody (ab6668; Abcam; 1:20) for 1 h to block endogenous 
mouse IgG in tissue sections. After washing with PBS, sections were 
incubated with both rat anti-mouse F4/80 monoclonal antibody 
(ab16911; Abcam; 1:25) and mouse anti-human CD38 monoclonal 
antibody (sc-374650; Santa Cruz, Dallas, TX, USA; 1:50) to detect M1 
macrophages or mouse anti-rat CD163 monoclonal antibody (sc-58965; 
Santa Cruz; 1:50) to detect M2 macrophages as primary antibody. An 
antibody cocktail of fluorescent-conjugated goat anti-rat Alexa Fluor 
594 (Abcam) and goat anti-mouse IgG H&L (FITC) antibody (ab6785; 
Abcam; 1:100) was used as secondary antibodies. VECTASHELD Anti-
fade Mounting Medium with DAPI (H-1200; Vector Laboratories, Bur-
lingame, CA, USA) was used for mounting. Stained sections were vi-
sualized and photomicrographed by immunofluorescent microscopy 
(Zeiss) and histomorphometrically analyzed with Zen2 software (Zeiss) 
and ImageJ (NIH). 
2.5. Evaluation of osseous and soft tissue wound healing in ameliorated/ 
healing model of CY/mAb-related ONJ-like lesions 
The following parameters were evaluated to examine hard tissue 
healing in tooth extraction sockets: bone area with normal osteocytes 
except for empty or pyknotic osteocyte lacunae [living bone area (%)], 
osteocyte numbers in tooth extraction sockets [osteocyte density 
(#/mm2)], bone area with ≥10 empty lacunae or pyknotic osteocytes 
[necrotic bone area (%)], number of empty lacunae in tooth extraction 
sockets [empty lacunae (#/mm2)], and number of polymorphonuclear 
cells (PMNs) in tooth extraction sockets [PMN infiltration (#/mm2)]. 
These evaluation parameters were evaluated according to AOIs as 
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follows: the area surrounded by the line connecting the tops of mesial 
and distal alveolar ridges, and the curve parallel to the line within 
50 μm of the outer line of the laminar dura in hard tissue of tooth ex-
traction sockets from sagittal images of H&E- and Masson's trichrome- 
stained sections. 
Moreover, AOIs for assessment of collagen production, angiogen-
esis, lymphangiogenesis, and macrophage distribution in tooth extrac-
tion sockets were defined as the connective tissue area above the line 
linking from mesial and distal alveolar ridges of extraction sockets in 
sagittal images of H&E- and Masson's trichrome-stained sections. 
Collagen production was used to evaluate soft tissue wound healing, 
which was defined as the ratio of blue-stained collagen fibers in AOIs 
[collagen (%)]. Numbers and areas of blood and lymphatic vessels 
[number of blood vessels (#/mm2), blood vessel area (%), number of 
lymphatic vessels (#/mm2), lymphatic vessel area (%)], and numbers of 
CD38+F4/80+ macrophages [M1 macrophages (#/mm2)] and 
CD163+F4/80+ macrophages [M2 macrophages (#/mm2)] were semi- 
automatically counted in the connective tissue of tooth extraction 
sockets with ImageJ. Finally, M2/M1 ratios were calculated manually. 
AOIs for assessment of macrophages in bone marrow of long bones 
were defined as the area ranging from 200 to 400 μm below the growth 
plates of the distal femoral metaphyses. The numbers of CD38+F4/80+ 
and CD163+F4/80+ macrophages [M1 and M2 macrophages (#/mm2), 
respectively] in the bone marrow of femora were semi-automatically 
counted. M2/M1 ratios were also calculated manually. 
2.6. In vitro study 
Bone marrow cells were collected from both sides of the femur and 
cultured for 24 h at a density of 1.0 × 106 cells/mL after eliminating 
red blood cells (Gibco ACK lysing buffer; A10492, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) in the DMEM with 10% fetal bovine 
serum (FBS) with 10 U/mL of penicillin and 100 μg/mL of streptomycin 
(FBS-DMEM). To induce macrophages in vitro, suspension cells were 
collected, plated at a density of 2.5 × 105 cells/cm2, and cultured in the 
FBS-DMEM containing 50 ng/mL of macrophage colony-stimulating 
factor (M-SCF; Peprotech, Rocky Hill, NJ, USA) for 3 days. The created 
macrophages were plated at a density of 2.0 × 104 cells/cm2 and cul-
tured in the FBS-DMEM including 50 ng/mL of M-CSF for 3 days under 
presence or absence of the mAb (0, 1 and 10 μg/mL) (Oriental Yeast 
Co., Ltd.), and cell number was counted. As a positive control, osteo-
clasts were also generated from bone marrow-induced macrophages at 
a density of 2.0 × 104 cells/cm2 in the FBS-DMEM with the addition of 
50 ng/mL of M-CSF and 50 ng/mL of RANKL (Peprotech) every 2 days. 
Cultured osteoclasts were treated with the mAb (0, 1, and 10 μg/mL) 
(Oriental Yeast Co., Ltd.) on day 5 for 24 h, and then TRAP staining was 
performed on day 6. On the other hand, gingival fibroblasts were 
generated from murine gingival tissues as a negative control. Small 
sections of gingiva were collected and plated in the FBS-DMEM. The 
isolated gingival fibroblasts were cultured at a density of 2.0 × 104 
cells/cm2 in the FBS-DMEM with the addition of mAb (0, 1, and 10 μg/ 
mL) (Oriental Yeast Co., Ltd.) every 2 days. On day 6, the number of 
fibroblasts was counted. In regard to macrophages and osteoclasts, total 
RNA was extracted using TRIZOL (Invitrogen, Grand Island, NY, USA) 
and stored at −80 °C before use [20,26] (n = 3/each groups). 
2.7. Quantitative real-time polymerase chain reaction (qPCR) 
Total RNA from bone marrow-induced macrophages was used to 
evaluate the direct effects of mAb on macrophages. First-strand cDNA 
was synthesized with the Go Script Reverse Transcription System 
(Promega Co., Fitchburg, WI, USA). SYBR green-qPCR assay was carried 
out using a Thermal Cycler Dice Real Time System (TaKaRa Co., Shiga, 
Japan). Samples were run in duplicate. The obtained results were 
normalized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
The standard curve method was used for relative quantification of the 
obtained data. Primer sets used in this study were GAPDH, F4/80, 
CD206, interleukin (IL)-10, TGF-β1, CD86, TNF-α, IL-6, TRAP, and CTSK 
(Table 1). 
2.8. Statistical analyses 
The Shapiro-Wilk test was used to evaluate normality. One-way 
analysis of variance (ANOVA) and the Kruskal-Wallis test were used for 
parametric and non-parametric data, respectively. In comparisons be-
tween two groups, Student's t-test and the Mann-Whitney U test were 
used for parametric and nonparametric data, respectively. All data are 
expressed as means  ±  SEM. A P-value < 0.05 was determined sig-
nificant. Systat 13.2 (Systat Software, Chicago, IL, USA) was used for all 
statistical analyses. 
3. Results 
3.1. CY/mAb combination therapy prevalently induces sustained open 
wounds with bone exposure following tooth extraction in mice 
From intra-oral photos, high-prevalence open wounds with bone 
exposure (87.5%, 7 of 8 tooth extraction sockets) were observed in the 
CY/mAb combination therapeutic group at 2 weeks after tooth extrac-
tion, whereas wounds were completely closed in both IgG and mAb 
monotherapy groups (both 0%, 0 of 8 tooth extraction sockets) (Fig. 2A 
and B). CY/mAb combination therapy significantly increased wound 
open area and perimeter compared with IgG and mAb monotherapy 
(P  <  0.01) (Fig. 2C and D). MicroCT analysis showed that CY/mAb 
combination therapy significantly decreased bone fill of tooth extrac-
tion sockets compared with IgG and mAb monotherapy (P  <  0.001) 
(Fig. 2E and F). Moreover, CY/mAb significantly decreased Tb.N and 
increased Tb.Sp and BMD compared with IgG (P  <  0.001 for all 
parameters) (Fig. 2G–J). 
On the other hand, open wounds were dominant in the CY/mAb 
combination therapeutic group at 4 weeks after tooth extraction, with 
statistical significant increases in wound open area and perimeter 
compared with IgG and mAb monotherapy groups (P  <  0.01) 
(Fig. 2K–N). MicroCT analysis showed that CY/mAb combination 
Table 1      
Gene Forward Reverse Accession number  
GAPDH ACCCAGAAGACTGTGGATGG CACATTGGGGGTAGGAACAC NM_001289726.1 
F4/80 CAAGACTGACAACCAGACG ACAGAAGCAGAGATTATGACC NM_010130.4 
CD206 GGATTGTGGAGCAGATGGAAG CTTGAATGGAAATGCACAGA NM_008625.2 
II-10 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT NM_010548.2 
TGF-β1 TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC NM_011577.2 
CD86 TCTCCACGGAAACAGCATCT CTTACGGAAGCACCCACGAT NM_019388.3 
TNF-α GGCATGGATCTCAAAGACAACC CAGGTATATGGGCTCATACCAG NM_013693.3 
II-6 CATGTTCTCTGGGAAATCGTGG GTACTCCAGGTAGCTATGGTAC NM_031168.2 
TRAP CAGCAGCCAAGGAGGACTAC ACATAGCCCCACACCGTTCTC NM_001102405.1 
CTSK CAGCAGAACGGAGGCATTGA CCTTTGCCGTGGCGTTATAC NM_007802.4 
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therapy significantly decreased bone fill of tooth extraction sockets 
with decreases in Tb.N and Tb.Th and increases in Tb.Sp and BMD 
compared with IgG (P  <  0.001 for the comparison of BV/TV and Tb.N, 
P  <  0.01 for the comparison of Tb.Th, Tb.Sp and BMD) (Fig. 2O–T). 
Therefore, only CY/mAb combination therapy induced continuous open 
wounds with compromised bone structure in tooth extraction sockets. 
3.2. CY/mAb combination therapy histologically worsens tooth extraction 
socket healing in mice 
Next, to evaluate effects of CY/mAb combination therapy on his-
topathology in tooth extraction sockets, several parameters of wound 
healing were quantitatively measured. CY/mAb combination therapy 
for 5 weeks significantly decreased living bone area with decreases in 
osteocyte density compared with IgG and mAb monotherapy (living 
bone: P  <  0.05 and P  <  0.01, respectively; osteocyte density: 
P  <  0.001 for both group comparisons) (Fig. 3A–C). CY/mAb combi-
nation therapy for 5 weeks significantly increased necrotic bone with 
increases in the number of empty lacunae compared with IgG and mAb 
monotherapy (necrotic bone: P  <  0.01 and P  <  0.05, respectively; 
empty lacunae: P  <  0.001 for both group comparisons) (Fig. 3A, D, 
and E). Moreover, mAb treatment significantly decreased N.Oc/BS 
compared with IgG, regardless of CY administration (P  <  0.01 for the 
comparison of IgG) (Fig. 3F and G). 
On the other hand, CY/mAb combination therapy for 7 weeks sig-
nificantly decreased living bone area with decreases in osteocyte den-
sity compared with IgG and mAb monotherapy (living bone: P  <  0.01 
for both group comparisons; osteocyte density: P  <  0.001 and 
P  <  0.01, respectively) (Fig. 3H–J). CY/mAb combination therapy for 
7 weeks significantly increased necrotic bone with increases in the 
number of empty lacunae (necrotic bone: P  <  0.001 for both group 
comparisons; empty lacunae: P  <  0.001 for both group comparisons) 
(Fig. 3H, K, and L). Moreover, mAb treatment significantly decreased 
N.Oc/BS compared with IgG, irrespective of CY administration 
(P  <  0.001 for the comparison of IgG) (Fig. 3M and N). 
Thus, CY/mAb combination therapy induced grossly, 
Fig. 2. Effects of administered drugs on gross and structural socket healing at 2 and 4 weeks post-extraction. A) Maxillary occlusal views of intra-oral photos at 
2 weeks post-extraction (M2: second molar, M3: third molar, the area surrounded by red arrows indicates the open wound area). B) The prevalence of open wounds is 
87.5% in CY/mAb, whereas no open wounds are observed in both IgG and mAb. C and D) Wound open area and perimeter are significantly larger in CY/mAb than in 
IgG and mAb. E) Representative microCT images of the sagittal view at 2 weeks post-extraction (M2: second molar, the area surrounded by red dotted lines indicates 
tooth extraction sockets). F) Bone volume per tissue volume (BV/TV) is significantly increased in mAb compared to IgG and CY/mAb, whereas it is significantly 
decreased in CY/mAb compared to IgG. G) Trabecular number (Tb.N) is significantly decreased in mAb and CY/mAb compared to IgG. H) Trabecular thickness 
(Tb.Th) is significantly increased in mAb compared to IgG and CY/mAb. I) Trabecular separation (Tb.Sp) is significantly increased in CY/mAb compared to IgG and 
mAb. J) Bone mineral density (BMD) is significantly increased in mAb and CY/mAb compared to IgG. K) Maxillary occlusal views of intra-oral photos at 4 weeks post- 
extraction (M2: second molar, M3: third molar, the area surrounded by red arrows indicates the open wound area). L) The prevalence of open wounds is 87.5% in CY/ 
mAb, whereas no open wounds are observed in both IgG and mAb. M and N) Wound open area and perimeter are significantly larger in CY/mAb compared to IgG and 
mAb. O) Representative microCT images of the sagittal view at 4 weeks post-extraction. P) BV/TV is significantly decreased in CY/mAb compared to IgG and mAb. Q) 
Tb.N is significantly decreased in mAb compared to IgG, and CY/mAb compared to mAb and IgG. R) Tb.Th is significantly increased in mAb compared to IgG, 
whereas it is significantly decreased in CY/mAb compared to IgG and mAb. S) Tb.Sp is significantly increased in CY/mAb compared to IgG and mAb. T) BMD is 
significantly increased in mAb and CY/mAb compared to IgG. Graphs show means  ±  SEM. **P  <  0.01, ***P  <  0.001; n = 4 mice/group. 
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microstructurally, and histopathologically sustained compromised 
healing of tooth extraction sockets. In contrast, soft and hard tissue 
healing of tooth extraction sockets had already occurred in the IgG 
control group at 2 weeks post-extraction (Fig. 3A–E). Moreover, mAb 
monotherapy did not induce grossly or histopathologically compro-
mised wound healing of tooth extraction sockets, although mAb 
monotherapy slightly increased necrotic bone and the number of empty 
lacunae at 2 and 4 weeks post-extraction (Fig. 3A, D, E, H, K, and L). 
3.3. Cessation of mAb for 2 weeks does not negatively affect long bones 
To investigate effects of mAb cessation for 2 weeks on long bones, H 
&E- and TRAP-staining and microCT scans were performed. mAb ad-
ministration for 6 weeks significantly increased the femoral trabecular 
BAF with decreases in the number of osteoclasts on the bone surface 
compared with those in IgG, regardless of mAb discontinuation 
(P  <  0.001) (Fig. 4A–D). mAb discontinuation did not affect either 
parameter, although N.Oc/BS was slightly recovered in the CY/mAb-D 
group. mAb administration significantly increased BV/TV with 
significant increases in Tb.N, Tb.Th and BMD and a significant decrease 
in Tb.Sp compared with those in IgG, irrespective of mAb dis-
continuation (P  <  0.001 except for BV/TV in IgG vs. CY/mAb-D, Tb.N 
in IgG vs. CY/mAb-C and in IgG vs. CY/mAb-D, P < 0.01 for BV/TV in 
IgG vs. CY/mAb-D, P  <  0.05 for Tb.N in IgG vs. CY/mAb-C, and 
P  <  0.01 for Tb.N in IgG vs. CY/mAb-D) (Fig. 4E–J). Thus, mAb ces-
sation for 2 weeks rarely affects long bone structure. Moreover, dis-
continuation of mAb for 4 weeks did not affect bone structure of long 
bones (Suppl. Fig. 1A–F). 
3.4. Cessation of mAb for 2 weeks heals and/or ameliorates CY/mAb- 
related ONJ-like lesions 
To investigate whether mAb cessation for 2 weeks heals and/or 
ameliorates impaired tooth extraction socket healing, wounds were 
analyzed quantitatively. In this study, sustained open wounds with 
bone exposure for 3 weeks after tooth extraction were diagnosed as CY/ 
mAb-related ONJ-like lesions. As expected, mAb cessation for 2 weeks 
grossly healed CY/mAb-related ONJ-like lesions (75.0%, 9 of 12 tooth 
Fig. 3. Effects of administered drugs on osseous healing at 2 and 4 weeks post-extraction. A) Representative sagittal H&E-stained images at 2 weeks after tooth 
extraction (bar: 100 μm, black dotted line: extraction sockets of distal roots, M2: second molar, Ep: epithelium, Ct: connective tissue). B and C) Living bone and 
osteocyte density are significantly decreased in CY/mAb compared to IgG and mAb. D and E) Necrotic bone and empty lacunae are significantly increased in CY/mAb 
compared to IgG and mAb. F) Representative TRAP-stained images at 2 weeks after tooth extraction (bar: 100 μm, B: bone, BM: bone marrow, CT: connective tissue, 
arrowheads indicate osteoclasts on bone surface). G) The number of osteoclasts per bone surface (N.Oc/BS) is significantly decreased in mAb and CY/mAb compared 
to IgG. H) Representative sagittal H&E-stained images at 4 weeks post-extraction (bar: 100 μm, black dotted line: extraction sockets of distal roots, M2: second molar, 
Ep: epithelium, Ct: connective tissue). I and J) Living bone and osteocyte density are significantly decreased in CY/mAb compared to IgG and mAb. K and L) Necrotic 
bone and empty lacunae are significantly increased in CY/mAb compared to IgG and mAb. M) Representative TRAP-stained images at 4 weeks after tooth extraction 
(bar: 100 μm, B: bone, BM: bone marrow, CT: connective tissue, arrowheads indicate osteoclasts on bone surface). N) N.Oc/BS is significantly decreased in mAb and 
CY/mAb compared to IgG. Graphs show means  ±  SEM. *P  <  0.05, **P  <  0.01, ***P  <  0.001; n = 4 mice/group. 
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Fig. 4. Effects of mAb cessation for 2 weeks on long bones. A) Longitudinal H&E-stained images of femora (bar: 250 μm, black dotted lines: border lines between bone 
and bone marrow). B) Bone area fraction (BAF) is significantly increased in CY/mAb-C and CY/mAb-D compared to IgG. C) TRAP-stained images of trabecular bone 
in femora (bar: 100 μm, B: bone, BM: bone marrow, arrowheads indicate osteoclasts on bone surface). D) The number of osteoclasts per bone surface (N.Oc/BS) is 
significantly decreased in CY/mAb-C and CY/mAb-D compared to IgG. E) MicroCT images of proximal tibiae. F–J) Bone volume per tissue volume (BV/TV), 
trabecular number (Tb.N), trabecular thickness (Tb.Th), and bone mineral density (BMD) are significantly increased in CY/mAb-C and CY/mAb-D compared to IgG, 
whereas Tb.Sp is significantly decreased in CY/mAb-C and CY/mAb-D compared to IgG. Graphs show means  ±  SEM. *P  <  0.05, **P  <  0.01, ***P  <  0.001; n = 6 
mice/group. 
Fig. 5. Effects of mAb cessation for 2 weeks on gross healing and bone structure in the tooth extraction sockets. A) Occlusal view of intra-oral photos at 2 weeks after 
mAb discontinuation (M2: second molar, M3: third molar, the area surrounded by red arrows indicates the open wound area). B) The wound area is significantly 
increased in CY/mAb-C compared to IgG, whereas it is significantly decreased in CY/mAb-D compared to CY/mAb-C. C) Representative TRAP-stained images (bar: 
100 μm, B: bone, BM: bone marrow, CT: connective tissue, arrowheads indicate osteoclasts on bone surface). D) The number of osteoclasts per bone surface (N.Oc/ 
BS) is significantly suppressed in CY/mAb-C and CY/mAb-D compared to IgG. E) Sagittal microCT images of tooth extraction sockets (M2: second molar, M3: third 
molar, the area surrounded by red dotted lines indicates tooth extraction sockets). F–H) Bone volume per tissue volume (BV/TV), trabecular number (Tb.N), and 
trabecular thickness (Tb.Th) are significantly decreased in CY/mAb-C and CY/mAb-D compared to IgG, whereas Tb.N is significantly increased in CY/mAb-D 
compared to CY/mAb-C. I) Trabecular separation (Tb.Sp) is significantly increased in CY/mAb-C and CY/mAb-D compared to IgG. J) Bone mineral density (BMD) is 
significantly increased in CY/mAb-C and CY/mAb-D compared to IgG, whereas it is significantly decreased in CY/mAb-D compared to CY/mAb-C. Graphs show 
means  ±  SEM. *P  <  0.05, **P  <  0.01, ***P  <  0.001; n = 6 mice/group. 
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extraction sockets in CY/mAb-D; 16.7%, 2 of 12 tooth extraction 
sockets in CY/mAb-C). CY/mAb-D significantly decreased wound area 
compared with CY/mAb-C (P  <  0.05), whereas no significant 
difference was noted between CY/mAb-D and IgG (Fig. 5A and B). 
N.Oc/BS was significantly suppressed in both CY/mAb-C and CY/mAb- 
D, regardless of mAb discontinuation (P  <  0.001) (Fig. 5C and D). 
(caption on next page) 
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Namely, mAb cessation for 2 weeks grossly healed and/or ameliorated 
CY/mAb-related ONJ-like lesions. 
Next, microCT scans were conducted. CY/mAb-C and CY/mAb-D 
groups showed significantly decreased BV/TV, Tb.N, and Tb.Th, and 
significantly increased Tb.Sp and BMD compared with IgG (P  <  0.001 
except for Tb.Sp and BMD in CY/mAb-D vs. IgG; P  <  0.01 for Tb.Sp 
and BMD in CY/mAb-D vs. IgG) (Fig. 5E–J). CY/mAb-D significantly 
increased Tb.N and significantly decreased BMD compared with CY/ 
mAb-C (P  <  0.05 for Tb.N in CY/mAb-D vs. CY/mAb-C; P  <  0.001 for 
BMD in CY/mAb-D vs. CY/mAb-C) (Fig. 5G and J). Histomorphometric 
analyses were also performed. Both CY/mAb-D and CY/mAb-C sig-
nificantly decreased living bone compared with IgG (P  <  0.001), 
whereas CY/mAb-D slightly increased living bone compared with CY/ 
mAb-C with no significant difference (P = 0.064) (Fig. 6A and B). CY/ 
mAb-C significantly decreased osteocyte density compared with IgG, 
whereas CY/mAb-D significantly recovered osteocyte density similar to 
IgG (P  <  0.01 for CY/mAb-D vs. CY/mAb-C) (Fig. 6A and C). CY/mAb- 
D significantly decreased empty lacunae compared with CY/mAb-C 
(P  <  0.01), whereas no significant differences in necrotic bone were 
observed between CY/mAb-D and IgG, and CY/mAb-C and CY/mAb-D 
(Fig. 6A, D, and E). Thus, mAb discontinuation for 2 weeks promoted 
partially osseous wound healing in tooth extraction sockets. 
CY/mAb-C significantly decreased collagen production in the con-
nective tissue of tooth extraction sockets compared with IgG 
(P  <  0.01), whereas mAb discontinuation for 2 weeks significantly 
recovered collagen production similar to IgG (P  <  0.01) (Fig. 6F and 
G). CY/mAb-C significantly infiltrated PMNs compared with IgG 
(P  <  0.01), whereas mAb discontinuation for 2 weeks significantly 
reduced PMN infiltration similar to IgG (P  <  0.01) (Fig. 6F and H). 
Thus, mAb discontinuation for 2 weeks promoted soft tissue healing of 
tooth extraction sockets. Overall, the amelioration and/or healing 
model of CY/mAb-related ONJ-like lesions was developed by mAb 
cessation for 2 weeks. 
3.5. mAb discontinuation for 2 weeks induces polarization changes from M1 
to M2 macrophages in the connective tissue of tooth extraction sockets 
Finally, the effects of mAb discontinuation for 2 weeks on im-
munopathology in the wounds were investigated. Both CY/mAb-C and 
CY/mAb-D significantly decreased the number of blood vessels com-
pared with IgG (P  <  0.01) (Fig. 7A and B). CY/mAb-C and CY/mAb-D 
also decreased blood vessel area compared with IgG (P  <  0.05 in CY/ 
mAb-C vs. IgG) (Fig. 7A and C). Conversely, both the number of lym-
phatic vessels and lymphatic vessel area were the same among groups, 
regardless of mAb discontinuation (Fig. 7A, D, and E). 
The distributions of CD38+F4/80+ M1 and CD163+F4/80+ M2 
macrophages were investigated immunohistochemically in the con-
nective tissue of tooth extraction sockets and bone marrow of long 
bones. In the connective tissue of tooth extraction sockets, both CY/ 
mAb-C and CY/mAb-D significantly increased CD38+F4/80+ M1 
macrophages compared with IgG (P  <  0.01 in CY/mAb-C vs. IgG, 
P  <  0.05 in CY/mAb-D vs. IgG) (Fig. 7F and G). Moreover, both CY/ 
mAb-C and CY/mAb-D significantly increased CD163+F4/80+ M2 
macrophages compared with IgG (P  <  0.001) (Fig. 7F and H). Inter-
estingly, CY/mAb-D significantly increased CD163+F4/80+ M2 mac-
rophages compared with CY/mAb-C (P  <  0.001) (Fig. 7F and H). mAb 
cessation for 2 weeks significantly shifted the M2/M1 ratio to M2 
(P  <  0.05) (Fig. 7I). On the other hand, in the bone marrow of long 
bones, CY/mAb-C and CY/mAb-D did not change CD38+F4/80+ M1 
macrophages compared with IgG, whereas CY/mAb-C significantly 
decreased CD163+F4/80+ M2 macrophages compared with CY/mAb-D 
and IgG (P  <  0.05) (Fig. 7J and K). Thus, mAb discontinuation sig-
nificantly shifted the M2/M1 ratio to M2 in bone marrow of long bones, 
as well as in the connective tissue of tooth extraction sockets 
(P  <  0.05) (Fig. 7L). 
To investigate whether mAb treatment has direct effects on mac-
rophages, both in vitro and in vivo studies were carried out. The mAb 
treatment significantly decreased the number of osteoclasts with sup-
pressed osteoclast markers, whereas it did not affect the number of 
gingival fibroblasts or macrophages (Suppl. Fig. 2A–E). The mAb 
treatment did not change the relative expression levels of F4/80 
(macrophage marker), CD206, IL-10, and TGF-β1 (M2 macrophage 
marker), or CD86 (M1 macrophage marker) in bone marrow-derived 
macrophages (Suppl. Fig. 2F–J). No detection of TNF-α and IL-6 was 
noted by mAb treatment in this study. Thus, mAb treatment did not 
affect bone marrow-derived macrophages in vitro, regardless of mAb 
dosages. On the other hand, mAb monotherapy for 8 weeks significantly 
suppressed osteoclasts without impaired wound healing, though this 
therapy affected bone structure of tooth extraction sockets (Suppl. 
Fig. 3A–I). mAb monotherapy had no effects on CD38+F4/80+ M1 and 
CD163+F4/80+ M2 macrophages in the connective tissue of tooth 
extraction sockets at 2 weeks after tooth extraction (Suppl. Fig. 3J and 
K). 
4. Discussion 
The present study showed that mAb discontinuation for 2 weeks 
healed and/or ameliorated high-prevalence CY/mAb-related ONJ-like 
lesions induced by CY/mAb combination therapy with tooth extraction 
in mice. More importantly, it was demonstrated that macrophage po-
larization was dynamically shifted from CD38+F4/80+ M1 macro-
phages to CD163+F4/80+ M2 macrophages in the connective tissue of 
tooth extraction sockets and the bone marrow of long bones by mAb 
cessation for 2 weeks after tooth extraction, although mAb mono-
therapy had no direct effects on macrophages. 
In humans, DRONJ rarely occurs in osteoporosis patients receiving 
low-dose Dmab monotherapy, whereas the prevalence of DRONJ is 
higher in high-dose Dmab users who often receive chemotherapy, 
steroid therapy, and molecular targeting therapy [8]. In the present 
study, CY, which is an alkylating agent that is used to treat pediatric 
and adult malignancies [27], was used in combination with mAb to 
create high-prevalence CY/mAb-related ONJ-like lesions. The CY do-
sage was the same as that used in our previous reports to develop high- 
prevalence BRONJ-like lesions [19,22], although it was higher than 
that used in clinical situations. In this animal study, mAb developed 
based on a previous study was used [21], since Dmab, which is a fully 
human anti-RANKL-neutralizing monoclonal antibody, has no cross 
reaction with rodent RANKL [28]. The mAb dosage was in accordance 
with that in the previous study that demonstrated the efficacy of mAb 
on mice long bones [21]. Indeed, Kuroshima et al. reported the mAb 
used in the present study significantly increased bone volume of mouse 
long bones and suppressed osteoclast numbers in in vivo and in vitro 
Fig. 6. Effects of mAb cessation for 2 weeks on wound healing in the tooth extraction sockets. A) Sagittal H&E-stained images at 2 weeks post-mAb cessation (bar: 
200 μm, black dotted line: extraction sockets of distal roots, M2: second molar, Ep: epithelium, Ct: connective tissue). B) Living bone is significantly decreased in CY/ 
mAb-C and CY/mAb-D compared to IgG, whereas it is slightly increased in CY/mAb-D compared to CY/mAb-C. C) Osteocyte density is significantly decreased in CY/ 
mAb-C compared to IgG, whereas it is significantly increased in CY/mAb-D compared to CY/mAb-C. D) Necrotic bone is significantly increased in CY/mAb-C 
compared to IgG. E) The number of empty lacunae is significantly increased in CY/mAb-C compared to IgG, whereas it is significantly decreased in CY/mAb-D 
compared to CY/mAb-C. F) Sagittal trichrome-stained images at 2 weeks after mAb cessation (bar: 500 μm, black dotted line: extraction sockets, M2: second molar, 
Ep: epithelium, Ct: connective tissue). G) Collagen production is significantly decreased in CY/mAb-C compared to IgG, whereas it is significantly increased in CY/ 
mAb-D compared to CY/mAb-C. H) Infiltration of PMNs is significantly increased in CY/mAb-C compared to IgG, whereas it is significantly decreased in CY/mAb-D 
compared to CY/mAb-C. Graphs show means  ±  SEM. **P  <  0.01, ***P  <  0.001; n = 6 mice/group. 
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experiments [20]. 
In rodents, it takes approximately 3- to 4-weeks to completely heal 
osseous wounds in tooth extraction sockets [29]. The bone remodeling 
cycle in rats is 10- to 20-times faster than that in humans [30]. Nor-
mally, soft tissue wounds of tooth extraction sockets are healed within 
2 weeks [19,22,31,32]. Ten to twenty weeks are needed for healing of 
the upper-side of the socket [33], and bone fill is radiographically ob-
served between 3 and 12 months post-extraction in humans [34]. These 
healing durations, which depend on cell behaviors such as immune 
reactions, angiogenesis, lymphangiogenesis, collagen production, and 
bone remodeling, are clearly faster than those in humans [35]. For the 
above-mentioned reasons, in our previous study, impaired wounds of 
tooth extraction sockets were diagnosed as BRONJ-like lesions at 
4 weeks after tooth extraction [19,22], although impaired wounds of 
tooth extraction sockets are diagnosed as BRONJ in humans when ex-
traction socket wounds with exposed bone or bone that can be probed 
through and intraoral and extraoral fistula(e) are sustained for more 
than 8 weeks in patients [36]. Hence, CY/mAb-related ONJ-like lesions 
would be diagnosed at 4 weeks post-extraction. However, in the present 
study, mAb administration once every 3 weeks was required according 
to the previously determined mAb administration protocol for long 
bones [20]. Moreover, it has been systematically reported that there are 
significant differences between the risk of developing BRONJ and 
DRONJ at 1, 2 and 3 years after drug exposures in cancer patients [37]. 
Our recent study showed that the number of empty lacunae and N.Oc/ 
BS differed between BRONJ-like and DRONJ-like lesions in mice, sug-
gesting that the histopathology of DRONJ-like lesions is slightly more 
compromised compared with that of BRONJ-like lesions [38]. There-
fore, in the present study, diagnosis of DRONJ-like lesions was con-
ducted 3 weeks after tooth extraction, but not 4 weeks. Of course, bone 
exposure without epithelial coverage was observed until 7 weeks post- 
extraction in the group with continuous CY/mAb combination therapy. 
Clinically, Dmab discontinuation increases bone turnover markers 
within 3 months and these markers exceed baseline levels by 6 months 
after stopping drug therapy, resulting in decreased BMD and greater 
risk of multiple vertebral fractures, as demonstrated in the FREEDOM 
trial [16] or a Phase III clinical trial [17]. Thus, Dmab cessation should 
be avoided when alternative therapies are not performed appropriately. 
In contrast, in the previous animal study, serum TRAcP5b levels re-
mained undetected from 4 to 28 days after mAb injection. Serum al-
kaline phosphatase levels were decreased [21]. Serum mAb levels have 
also been reported to be decreased by more than 50% by 14 days after 
mAb administration [21]. In the present study, drug effects on long 
bones also continued at 4 weeks after the final mAb administration, 
which was in accordance with the previous study [21]. 
As expected, mAb discontinuation for 2 weeks healed and/or ame-
liorated CY/mAb-related ONJ-like lesions, whereas CY/mAb-related 
ONJ-like lesions remained in mice without mAb cessation for 2 weeks. 
Interestingly, in tooth extraction sockets, several parameters associated 
with bone structure were changed by mAb discontinuation for 2 weeks. 
It has been reported that the bone turnover rate in jaw bones is ap-
proximately 3- to 6-times faster than those in long bones of beagle dogs 
[39]. In this study, more osteoclasts were noted in tooth extraction 
sockets (CY/mAb-C vs. CY/mAb-D, P = 0.097) with decreases in ne-
crotic bone and empty lacunae, and increases in living bone and os-
teocyte density, which suggests that elimination of necrotic bone by 
recovered osteoclasts started in tooth extraction sockets with mAb 
cessation. Osteoblasts may also contribute to changing bone structure of 
extraction sockets. Therefore, the present findings show that mAb dis-
continuation for 2 weeks rapidly affected jaw bones rather than long 
bones. Accelerated wound closures of extraction sockets by mAb dis-
continuation for 2 weeks positively contributed to collagen production 
and decreased PMN infiltration in this study. 
In clinical situations, CY has been widely used for the treatment of 
lymphomas, solid tumors such as breast and ovarian cancer, pediatric 
malignancies, neuroblastoma, and rare cancers such as retinoblastoma, 
Wilms tumor, rhabdomyosarcoma, and Ewing sarcoma [40]. CY sig-
nificantly suppresses overall angiogenic responses [41]. Moreover, it 
has been reported that CY monotherapy induces anti-angiogenesis at 2 
and 4 weeks post-extraction in mice [22,32]. The present findings that 
CY/mAb combination therapy inhibited angiogenesis, whereas it was 
not recovered by mAb discontinuation for 2 weeks, strongly support 
these clinical and animal findings. Whether mAb monotherapy induces 
anti-angiogenesis was not clear in the present study, although our re-
cent study has been reported that mAb monotherapy inhibits angio-
genesis in the connective tissue of tooth extraction sockets [38]. 
Therefore, caution should be exercised to decide whether mAb is as-
sociated with or without anti-angiogenesis in tooth extraction socket 
healing. 
On the other hand, CY/mAb combination therapy did not negatively 
affect lymphangiogenesis in the connective tissue of tooth extraction 
sockets, irrespective of mAb discontinuation. Angiogenesis is one of the 
essential factors for healing osseous and soft tissue wounds to provide 
neutrophils, monocytes, several cytokines, oxygen and nutrition into 
extraction wounds [42,43]. Moreover, lymphangiogenesis also plays 
important roles in the resolution of inflammation through the transport 
of tissue fluid, inflammatory mediators, antigens, immune cells, and 
antigen-presenting cells to regional lymph nodes [44]. Therefore, other 
strong factors involved in healing and/or ameliorating CY/mAb-related 
ONJ-like lesions by mAb cessation for 2 weeks were likely present in the 
present study. 
In inflamed soft tissue wounds, macrophages, which are mainly 
derived from monocytes in blood, have been well demonstrated to play 
critical roles in both early and late phases of wound repairs [45]. They 
are categorized into several subtypes that have quite different char-
acteristics in wounds. M1 macrophages, which are known as pro-in-
flammatory or classical macrophages, produce pro-inflammatory cyto-
kines, oxidative metabolites and chemokines. M2 macrophages, which 
Fig. 7. Effects of mAb cessation for 2 weeks on blood vessels, lymphatic vessels, and macrophages (M1 and M2) in the connective tissue of tooth extraction sockets. A) 
H&E-stained images and CD31- and LYVE1 double-stained immunofluorescent images of connective tissue of the tooth extraction sockets (bar: 250 μm for H&E- 
stained images and 50 μm for immunofluorescent images, M2: second molar, blue arrowheads and squares: the areas of each representative immunofluorescent image 
approximately 30 μm away from H&E-stained sections, black arrowheads: irregular wounds, red arrowheads: CD31+ blood vessels, yellowish green arrowheads: 
LYVE-1+ lymphatics). B) The number of blood vessels is significantly decreased in CY/mAb-C and CY/mAb-D compared to IgG. C) Blood vessel area is decreased in 
CY/mAb-C and CY/mAb-D compared to IgG. D and E) The number of lymphatic vessels and the lymphatic vessel area are almost the same among the groups. F) H&E- 
stained images and fluorescent images of CD38+F4/80+ M1 and CD163+F4/80+ M2 macrophages in the connective tissue of tooth extraction sockets (bar: 250 μm 
for H&E-stained images and 20 μm for immunofluorescent images, M2: second molar, blue arrowheads and squares: the areas of each representative immuno-
fluorescent image approximately 30 μm away from H&E-stained sections, black arrowheads: open wounds, aqua arrowhead: CD38+F4/80+ M1 macrophages, pink 
arrowhead: CD163+F4/80+ M2 macrophages). G and H) The numbers of CD38+F4/80+ M1 and CD163+F4/80+ M2 macrophages are significantly increased in CY/ 
mAb-C and CY/mAb-D compared to IgG. Moreover, the number of CD163+F4/80+ M2 macrophages is significantly increased in CY/mAb-D compared to CY/mAb-C. 
I) The ratio of M2/M1 is significantly greater in CY/mAb-D compared to CY/mAb-C. J) The numbers of CD38+F4/80+ M1 macrophages are the same among groups 
in the bone marrow in long bones. K) The numbers of CD163+F4/80+ M2 macrophages are significantly decreased in CY/mAb-C compared to IgG and CY/mAb-D in 
the bone marrow in long bones. L) The ratio of M2/M1 is significantly higher in CY/mAb-D compared to CY/mAb-C in the bone marrow in long bones. Graphs show 
means  ±  SEM. *P  <  0.05, **P  <  0.01, ***P  <  0.001; n = 6 mice/group for maxillae (A–I); n = 4 mice/group for long bones (J–L). 
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are anti-inflammatory or alternatively activated macrophages, mainly 
produce anti-inflammatory cytokines, chemokines and growth factors 
in the late phase of wound healing processes [46,47]. It has been de-
monstrated that M1 and M2 macrophages have distinct functions that 
induce inflammatory responses and promote wound repair, respectively 
[48]. However, imbalanced polarization of M1 and M2 macrophages 
has been shown to contribute to persistent inflammation in asthma 
[49], rheumatoid arthritis [50], and atherosclerosis [51]. Therefore, 
polarization shifting from M1 to M2 macrophages in wounds plays a 
key role in normal healing of injured tissues. Indeed, it has been re-
ported that the M1/M2 ratio in mucosa was significantly greater in 
BRONJ patients than in normal mucosa in healthy control subjects [52]. 
In this study, mAb discontinuation for 2 weeks did not induce dis-
appearance of M1 macrophages in the connective tissue of tooth ex-
traction sockets, whereas marked accumulation of M2 macrophages 
was induced by mAb cessation, which resulted in changing the ratio of 
M2 to M1. Therefore, based on the above scientific evidence, the pre-
sent findings strongly suggest that dynamic polarization shifting from 
M1 to M2 macrophages by mAb discontinuation contributed to healing 
and/or amelioration of CY/mAb-related ONJ-like lesions. 
In the present study, blood vessel formation, which is requisite for 
the recruitment of monocyte-derived macrophages into injured 
wounds, was suppressed, regardless of mAb cessation. Recently, it has 
been reported that self-renewing, tissue-resident macrophages derived 
from the yolk sac, but not monocyte-derived macrophages, also dif-
ferentiated into M1 and M2 macrophages under inflammatory condi-
tions [53]. Most recent reports demonstrated that resident synovial 
tissue macrophages play an important role in the protective barrier of 
joints [54]. On the other hand, CD163 has been demonstrated to be 
expressed on resident bone marrow macrophages and other macro-
phages involved in the formation of erythroblastic islands [55]. TNF-α 
has been shown to have an ability to upregulate CD38 expression on 
bone-marrow macrophages [56]. Therefore, in the present study, re-
cruitment of monocyte-derived, non-polarized macrophages and/or F4/ 
80+CD163+ M2 macrophages from bone marrow through a small 
number of blood vessels, and/or tissue-resident macrophages in the 
connective tissue would be correlated with accumulation of M2 mac-
rophages by cessation of mAb in tooth extraction sockets, resulting in 
wound repairs of tooth extraction sockets. Dynamic polarization 
shifting from M1 to M2 macrophages could contribute to wound 
healing, rather than angiogenesis and lymphangiogenesis, in CY/mAb- 
related ONJ-like lesions. 
However, mAb monotherapy did not directly affect proliferation or 
polarization of macrophages in vivo and in vitro, which suggests that 
dynamic shifting from M1 to M2 macrophages by cessation of mAb 
would be indirectly induced, and other key cells affecting macrophage 
polarization may exist, though the exact mechanisms of polarization 
shifting are not unclear. TRAP+ mononuclear cells may also contribute 
to it, since mAb monotherapy has been reported to significantly in-
crease the number of TRAP+ mononuclear cells in bone marrow of long 
bones [20]. 
It has been clinically reported that cessation of Dmab induced rapid 
recurrence in a patient with a giant cell tumor [57]. Moreover, dis-
continuation of Dmab due to concern about DRONJ induced multiple 
spinal compression rebound fractures that required surgery [58]. Thus, 
as already mentioned, especially in cancer patients, selection of Dmab 
cessation to cure DRONJ in humans should be avoided due to serious 
systemic side effects, although the timing of the effects of cessation of 
mAb was more rapid in the jawbone rather than in the long bones in the 
present study. Further detailed animal studies investigating the effects 
of the duration and timing of mAb cessation on impaired tooth ex-
traction socket healing and systemic conditions are needed if cessation 
of Dmab for DRONJ could be performed in osteoporosis patients, but 
not cancer patients. Moreover, several studies have shown that trans-
plantation of M2 macrophages prevents, ameliorates, and/or cures 
acute kidney injury, cognitive dysfunction, sepsis-induced acute lung 
injury, and chronic inflammatory renal disease in animal studies 
[59–62], which strongly suggests that polarization shifting to and/or 
transplantation of M2 macrophages may also help in the treatment 
strategy for DRONJ in humans without cessation of Dmab. 
5. Conclusions 
In summary, within the limitations of this study due to higher doses 
of CY compared with human doses, diagnosis timing of CY/mAb-related 
ONJ-like lesions, restricted conditions that mimic cancer patients re-
ceiving CY and mAb using non-cancer mice, and no functional analyses 
of M1 and M2 macrophages in the tooth extraction socket healing after 
cessation of mAb, a healing and/or amelioration murine model of high- 
prevalence CY/mAb-related ONJ-like lesions was created by mAb ces-
sation. Angiogenesis and normal lymphangiogenesis rarely contribute 
to healing and/or amelioration of CY/mAb-related ONJ-like lesions. It 
was demonstrated that dynamic polarization shifting from CD38+F4/ 
80+ M1 to CD163+F4/80+ M2 macrophages was induced in the con-
nective tissue of tooth extraction sockets by mAb cessation for 2 weeks 
post-extraction, which may play important roles in healing and/or 
amelioration of CY/mAb-related ONJ-like lesions in mice, although 
mAb cessation may not directly induce this dynamic shifting. The de-
veloped healing and/or amelioration murine model of CY/mAb-related 
ONJ-like lesions is an appropriate tool to uncover the mechanisms of 
and establish treatment strategies for DRONJ in humans. 
Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.bone.2020.115560. 
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